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The migration of cortical interneurons is character-
ized by extensive morphological changes that result
from successive cycles of nucleokinesis and neurite
branching. Their molecular bases remain elusive,
and the present work describes how p27Kip1 controls
cell-cycle-unrelated signaling pathways to regulate
these morphological remodelings. Live imaging
reveals that interneurons lacking p27Kip1 show de-
layed tangential migration resulting from defects in
both nucleokinesis and dynamic branching of the
leading process. At the molecular level, p27Kip1 is a
microtubule-associated protein that promotes poly-
merization of microtubules in extending neurites,
thereby contributing to tangential migration. Further-
more, we show that p27Kip1 controls actomyosin
contractions that drive both forward translocation
of the nucleus and growth cone splitting. Thus,
p27Kip1 cell-autonomously controls nucleokinesis
and neurite branching by regulating both actin and
microtubule cytoskeletons.
INTRODUCTION
The cortex contains neurons that are distributed within layers
and are regionally organized into specialized areas that underlie
sophisticated motor, cognitive, and perceptual abilities (Rash
and Grove, 2006). Cortical lamination follows an ‘‘inside-out’’
sequence of neuronal placement and maturation that arises
from the successive birth and orderly migration of two majorDevelopmclasses of neurons, projection neurons and interneurons. In
contrast to projection neurons that show rather simple bipolar
morphology and directed migration along straight radial glia
guides (Gupta et al., 2002), cortical interneurons extend multiple
branches and move along various tangential paths that run
across different substrates in the telencephalon (Anderson
et al., 1997; Tamamaki et al., 1997), including progenitor cells,
postmitotic neurons as well as radial glia fibers (Yokota et al.,
2007). Indeed, migration of interneurons results from successive
cycles of morphological changes that couple the saltatory pro-
gression of their cell body with the dynamic remodeling of their
leading process. The nucleus alternates resting phases that
correlate with the elongation of the leading process and move-
ment phases associated with the splitting of growth cone-like
structures (termed ‘‘growth cone’’ further in the text) that give
rise to new branches. This stepwise behavior relies on cytoskel-
etal transformations that promote the rostral translocation of a
cytoplasmic dilatation encompassing the centrosome and the
Golgi apparatus into the extending leading process. This is
followed by forward migration of the nucleus, and its perinuclear
cytoplasm, a process named nucleokinesis (Luxton et al., 2010;
Marin et al., 2010). Finally, interneurons undergo retraction of the
trailing process and branching of the leading process (Bellion
et al., 2005). Over the past few years, several studies have begun
to define the molecular mechanisms underlying nucleokinesis
in cell migration (Bellion et al., 2005; Gomes et al., 2005; Tsai
and Gleeson, 2005). Key regulators were identified as proteins
associated with actin or microtubule (MT) cytoskeletons. Among
them are Cdk5, the MT-interacting proteins dynein, its cofactor
Lis1, and Doublecortin that organize and control the MT cyto-
skeleton dynamics during cell migration (Kappeler et al., 2006;
Kawauchi et al., 2006; Koizumi et al., 2006; Levy and Holzbaur,
2008; Rakic et al., 2009; Tanaka et al., 2004; Tsai et al., 2007).
The polarity protein Par6a regulates centrosome positioningental Cell 23, 729–744, October 16, 2012 ª2012 Elsevier Inc. 729
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nucleus of migrating cerebellar neurons (Solecki et al., 2004).
Importantly, this molecule couples regulation of both MT- and
actin-based cytoskeletons during migration, by promoting the
activity of myosin II (Solecki et al., 2009). In addition, small
GTPases (Kholmanskikh et al., 2003; Kholmanskikh et al.,
2006) and F-actin regulatory molecules (Bellenchi et al., 2007;
Nagano et al., 2002) contribute to remodeling of the microfila-
ment system during neuronal migration. In spite of these major
advances, little is known about the molecular basis of tangential
migration of cortical interneurons and there is currently no inte-
grated view on how nucleokinesis is coupled to dynamic branch-
ing of the leading process to ensure an efficient migration of
these neurons into the cerebral cortex.
In this study, we combined genetic andmolecular approaches
with real-time imaging to investigate the role of the Cip/Kip
protein p27Kip1 (termed hereafter p27) in cortical interneuron
migration. First identified as cell cycle inhibitors mediating the
growth inhibitory cues of upstream signaling pathways, the
cyclin-CDK inhibitors of the Cip/Kip family have emerged as
multifunctional proteins with roles extending beyond cell cycle
regulation (Besson et al., 2008). In this study, we show that
p27 is the predominant Cip/Kip protein expressed in cortical
interneurons and time-lapse imaging revealed itsmajor contribu-
tion to tangential migration. Indeed, p27 promotes interneuron
migration by regulating nucleokinesis and leading process
branching. At the molecular level, we found that p27 controls
the activity of myosin II through the Rho kinase pathway to
fine-tune nuclear translocation and splitting of the growth cone
at the tip of the leading process. Furthermore, we identified
p27 as a MT-associated protein (MAP), which harbors a prolin-
rich domain required for MT polymerization in extending neu-
rites. Thus, p27 promotes interneuron migration in the cerebral
cortex by combining distinct cell cycle-unrelated activities.
RESULTS
p27Kip1 Is Expressed by Migrating Cortical Interneurons
and Their Progenitors
On the basis of recent findings demonstrating that p27 promotes
the development of cortical projection neuron through cell-
cycle-unrelated activities (Itoh et al., 2007; Kawauchi et al.,
2006; Nguyen et al., 2006), we investigated its contribution to
the differentiation and migration of cortical interneurons. p27
transcripts were broadly detected in periventricular regions of
the telencephalon of embryonic day (E) 12.5 mouse embryos,
including medial and caudal ganglionic eminences (MGE and
CGE) where newborn interneurons and their progenitors reside
(Figures 1A and 1B; Figure S1B available online). In contrast,
the expression pattern of other Cip/Kip family members was
restricted to specific telencephalic regions. p21Cip1 mRNAs
were detected in the presumptive hippocampus (Figure S1A),
whereas p57Kip2 transcripts were mostly observed in the devel-
oping septum and the subventricular zone (SVZ) of the MGE
(Figures S1C and S1D). Immunolabeling of E12.5 embryo
sections showed expression of p27 proteins in the SVZ and
the mantle zone (MZ) of the MGE (Figures 1C and 1D), whereas
the corresponding transcriptsmostly accumulated in the ventric-
ular zone (VZ) at the border of the SVZ (Figures 1B and 1D). To730 Developmental Cell 23, 729–744, October 16, 2012 ª2012 Elsevconfirm that cortical interneurons and their progenitors express
p27, we analyzed E14.5 embryos from heterozygous GAD67-
GFP knockin mice (Tanaka et al., 2003). Immunolabeling with
antibodies against GFP and bIII tubulin showed that all GFP-
positive cells in the developing cortex were neurons (Figures
S1E–S1I). In addition, p27 was detected in all GFP-expressing
interneurons and their MGE progenitors (Figures 1E–1G00). It
is worth noting that p27 also accumulated in the cytoplasm
(Figures 1H–1I00) of cortical interneurons, thus arguing for cell
cycle-unrelated activities during migration. Various markers of
interneuron subtypes were coexpressed with p27, consistent
with the observation for ubiquitous expression of p27 in cortical
interneurons (Figures 1J–1M0).
p27Kip1 Controls the Rate of Cortical Interneuron
Migration Independently of Its Cell Cycle Regulatory
Activity
The broad expression of p27 in MGE progenitors and its mainte-
nance in cortical interneurons prompted us to test whether this
protein was involved in functions beyond cell cycle regulation.
Survival (Figures S2A–S2D), proliferation (Figures S2E–S2G),
and cell cycle exit of MGE progenitors (Figures S2H–S2J) re-
mained unchanged in p27 knockout (p27/) embryonic brains
(Fero et al., 1996). However, tangential migration of cortical inter-
neurons was impaired (Figures S2K–S2R, S3A–S3D, and S3H–
S3K), and this mostly in the intermediate and lower migratory
streams (Figures S3J and S3K). Similar results were obtained
after acute loss of p27 in interneurons from cultured E14 brain sli-
ces (Figures S3F–S3G0). In addition, bromodeoxyuridine (BrdU)
birthdating experiments performed on p27CK embryos (a
knockin mouse line in which point mutations in p27 disrupt its
interaction with cyclins and CDKs; Besson et al., 2006) showed
no defect in tangential migration of cortical interneurons (Figures
S3H–S3K). These results strongly indicate that p27 cell-autono-
mously promotes tangential migration of cortical interneurons
throughmechanismsunrelated to its cell cycle regulatory activity.
We next performed real-time imaging using a conditional
knockout mouse model that lacked expression of p27 and ex-
pressed GFP in cortical interneurons. This was achieved by
breeding p27 lox (p27f/f) (Chien et al., 2006) with Dlx5,6 Cre-GFP
(termed hereafter DlxCre-GFP) (Stenman et al., 2003) mice.
E12.5 DlxCre-GFP embryos showed robust expression of Cre
recombinase and GFP in the ventral telencephalon, including
the SVZ and MZ of the MGE where most cortical interneurons
are generated. GFP expression was detected in postmitotic cells
that expressed high levels of p27 and in few Ki67 positive cycling
cells that showed lower expression of that protein. All GFP+ cells
into the cortex of p27+/+;DlxCre-GFP embryos expressed p27
and were interneurons. Cortical interneurons were consistently
negative for p27 expression after Cre/loxP recombination com-
pared to corresponding cells in controls (data not shown). Condi-
tional removal of p27 in MGE occurred in SVZ progenitors
without affecting cell proliferation (data not shown), possibly
because p57Kip2 is also expressed in MGE progenitors where it
promotes cell cycle exit (Figure S1D; data not shown). The distri-
bution of pioneer GFP+ interneurons was affected in several
rostro-caudal regions of the cortex of E12.5 p27f/f;DlxCre-GFP
embryos compared to controls. Indeed, the migration front
was delayed in all cortical regions (Figures 2A–2F) and theier Inc.
Figure 1. p27Kip1 Is Expressed by Cortical Interneurons and Their Progenitors
(A) Distribution of p27 transcripts in frontal section of E12.5 mouse embryo telencephali.
(B) Close-up showing p27 mRNA distribution in corresponding MGE.
(C) p27 protein expression pattern in corresponding MGE (p27 in red and Hoechst 33342 in blue).
(D) Drawing illustrating the expression of p27 transcripts (blue) and proteins (red) in MGE.
(E–I00) Immunolabeling on forebrain sections of E14.5GAD67-GFP embryos showing the expression of p27 in GFP positive GABAergic interneurons and theirMGE
progenitors (E–G00, p27 in red and GFP in green). p27 proteins are detected both in the nucleus and the cytoplasm of GFP+ interneurons migrating within the
cortical wall (H–I00, see arrows).
(J–M0) p27 is expressed bymost cortical interneurons as indicated by colabelings of p27with Lhx6 (J and J0, p27 in red and Lhx6 in green), calbindin (K and K0, p27
in red and calbindin in green), somatostatin (L and L0, p27 in red and somatostatin in green), andNPY (M andM0, p27 in red andNPY in green). Scale bars represent
500 mm (E), 10 mm (I), 40 mm (J–M). Small lateral insets in larger pictures are X and Y optical sections through Z projections (J–M).
See also Figures S1 and S2.
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Figure 2. p27Kip1 Controls the Rate of Tangential Migration of Cortical Interneurons
(A–L) Distribution of GFP+ cortical interneurons (green) in distinct rostro-caudal regions of the cerebral cortex of E12.5 p27+/+;Dlx5,6:Cre-GFP (p27+/+;DlxCre-
GFP) or p27lox/lox;Dlx5,6:Cre-GFP (p27f/f;DlxCre-GFP) embryos (rostral [A and B], medial [C and D], and caudal [E and F]). White arrows point the front of
interneuron migration (A–F). Streams of tangentially migrating interneurons that cross the CSB (white line) (G–H, GFP in green), a fraction of them express
calbindin (J–K, GFP in green and calbindin in red, arrows point the inset region). Average number of GFP+ interneurons (I) or GFP+ /calbindin+ interneurons (L) per
slice that cross the CSB and enter the cortex at different rostro-caudal levels (n = 3 brains for each genotype, mean ± SEM).
(M and N) Time lapse recordings of interneurons migrating tangentially in cultured brain slices from E12.5 p27+/+;DlxCre-GFP and p27f/f;DlxCre-GFP embryos.
Average migration rate of GFP+ interneurons in corresponding preparations (M, in mm/hr). Distribution of GFP+ interneurons by velocity classes in mm/hr in
p27+/+;DlxCre-GFP (open bars) and p27f/f;DlxCre-GFP embryos (black bars) (N). n = 36–40 cells from three independent brains per genotype, mean ± SEM. CSB,
cortico-striatal boundary (white line); LGE, lateral ganglionic eminence. Scale bars represent 100 mm (F and K).
See also Figure S3.
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ary to invade the cortex was almost reduced by half in p27f/f;
DlxCre-GFP embryos compared to littermate controls (Figures
2G–2I). Similar results were obtained with a subclass of GFP-
positive interneurons that express calbindin (Figures 2J–2L). In
addition, Lhx6+ or GAD67+ interneurons that lack p27 had
migration defects (Figures S3A–S3D), suggesting that p27
regulates the migration of all cortical interneuron subpopula-
tions. Real-time imaging on organotypic slices showed that the
migration velocity of interneurons was reduced in the absence
of p27 expression (Figure 2M; 33 ± 2 mm/hr for p27f/f;DlxCre-
GFP compared with 45.9 ± 1.6 mm/hr for p27+/+;DlxCre-GFP).
Fine analysis revealed a shift of interneuron migration toward
low velocity migration classes in p27f/f;DlxCre-GFP embryos
compared to controls (Figure 2N). Although interneuron migra-
tion remained impaired in all latero-dorsal cortical areas of
E14.5 p27f/f;DlxCre-GFP embryos (Figures S4A–S4H), such
defects were not observed in the cortex of postnatal day (P)
0 pups (Figures S4I–S4V). Altogether, these observations indi-
cate that p27 cell-autonomously promotes tangential migration
of cortical interneurons and suggest that its absence delayed
the course of tangential migration rather than permanently
blocking it.
p27Kip1 Knockout Interneurons Have Nucleokinesis and
Branching Defects during Tangential Migration
At the cellular level, tangential migration arises from repetitive
cycles of nucleokinesis and dynamic branching of the leading
process (Bellion et al., 2005). To quantify the morphological
changes of cortical interneurons during migration, we cultured
MGE explants from either p27f/f;DlxCre-GFP or p27+/+;DlxCre-
GFP E13.5 embryos onto homochronic monolayer of WT cortical
cells (Figures 3A–3C). This model faithfully recapitulates most
aspects of cortical interneuron migration in vivo and is appro-
priate for fine analyses of cell shape transformations (Bellion
et al., 2005). After 24 hr of culture, control GFP+ interneurons
that had migrated out of MGE explants exhibited a polarized
morphology with branched leading process (see inset in Fig-
ure 3C). We detected p27 expression in both the nucleus and
the cytoplasm, including in the rostral cytosolic dilatation that
comprises the centrosome (g tubulin positive; Figures 3D–3G).
Time-lapse recordings showed that tangential migration of inter-
neurons started with the rostral translocation of a cytoplasmic
dilatation into the extending leading process followed by nuclear
translocation toward the cytoplasmic swelling. Interneurons then
retracted their trailing process and branched their leading pro-
cess (Figure 3H). Although interneurons derived from p27f/f;
DlxCre-GFP MGE explants showed comparable sequence of
morphological modifications during migration (Figure 3J), their
global size was reduced and the kinetics of nucleokinesis and
branching of the leading process were different from control
interneurons (Figures 3I–3K; Movies S1 and S2). In particular,
the frequency of swelling formation was significantly increased
(Figure 3L; 2.1 ± 0.1 swelling per hour for p27f/f;DlxCre-GFP
compared with 1.8 ± 0.1 per hour for p27+/+;DlxCre-GFP)
whereas the overall swelling duration was significantly reduced
(Figure 3M; 16.9 ± 0.9 min for p27f/f;DlxCre-GFP compared
with 20.2 ± 1.2 min for p27+/+;DlxCre-GFP) and resulted from
a shift toward the shortest time class of swelling durationsDevelopm(5–15 min; Figure 3N). p27f/f;DlxCre-GFP interneurons under-
went higher frequency of nuclear translocations (Figure 3O;
2.5 ± 0.1 per hour for p27f/f;DlxCre-GFP compared with 2.1 ±
0.1 per hour for p27+/+;DlxCre-GFP) together with a reduction
of the nucleus pausing time as compared to controls (Figure 3P;
27.2 ± 1.1 min for p27f/f;DlxCre-GFP compared with 31.1 ±
1.2 min for p27+/+;DlxCre-GFP). Importantly, the forward pro-
gression of the nucleus was reduced during nucleokinesis
(Figure 3Q; 13.4 ± 0.4 mm for p27f/f;DlxCre-GFP compared with
14.5 ± 0.3 mm for p27+/+;DlxCre-GFP) and this likely con-
tributed to the net decrease of migration velocity of interneu-
rons lacking p27 (Figure 2M). In addition to nucleokinesis
defects, p27f/f;DlxCre-GFP interneurons showed abnormal
branching dynamics and had a reduced total neuritic length
(Figures 4A and 4B; Movie S2). Indeed, branches emerged
from the division of growth cones located at the tip of existing
processes and p27f/f;DlxCre-GFP interneurons showed higher
frequency (per hour) of growth cone splitting (Figure 4C; 2.7 ±
0.2 for p27f/f;DlxCre-GFP compared with 1.9 ± 0.2 for p27+/+;
DlxCre-GFP) together with an increased number of high order
terminal neurites compared to control interneurons (Figures 4D
and S5Q). However, newborn neurites had reduced half life
in the absence of p27 (Figure 4E; 23.7 ± 1.2 min for p27f/f;
DlxCre-GFP compared with 32.3 ± 1.7 min for p27+/+;DlxCre-
GFP) and their maximal elongation was impaired (52.4 ±
3.2 mm for primary neurite, 27.4 ± 1.8 mm for secondary neurite
for p27f/f;DlxCre-GFP compared with 61.4 ± 3.0 mm for primary
neurites, 33.6 ± 1.8 mm for secondary neurites for p27+/+;
DlxCre-GFP). Overall neurites segments were significantly
shorter compared to controls (Figures 4F and S5Q). Although
p27f/f;DlxCre-GFP interneurons showed impaired branching
activity during migration, they have normal terminal branch-
ing after migration (data not shown). Collectively, our data
indicate that in addition to controlling nucleokinesis kinetics,
p27 controls branching dynamics of interneurons during tangen-
tial migration by regulating growth cone splitting and by pro-
moting the growth and/or increasing the stability of newly formed
neurites.
p27Kip1 Regulates Nucleokinesis and Initial Steps of
Neurite Branching by Controlling Myosin II Activity
Downstream of RhoA
Next we tried to identify the molecular mechanism by which p27
regulates the cytoskeletal rearrangements taking place during
tangential migration of interneurons. p27 was previously re-
ported to bind to RhoA and this interaction prevents RhoA acti-
vation by specific guanine nucleotide-exchange factors (GEFs)
(Besson et al., 2004). Rho GTPases are signaling nodes that
couple upstream motility cues and downstream cytoskeletal re-
arrangements. The RhoA effector ROCK has multiple phosphor-
ylation targets involved in the regulation of actin dynamics. Thus,
we tested whether p27 affected the activity of RhoA signaling
pathways to control nucleokinesis and/or dynamic branching
in migrating interneurons. Immunolabeling showed that p27
largely colocalized with RhoA in cortical interneurons (Figure 5A).
Moreover, coimmunoprecipitation assays performed on freshly
isolated MGE revealed a specific interaction between p27 and
RhoA (Figure 5B), which was also confirmed in primary mouse
embryonic fibroblasts (MEFs) and N2A cells (Figure S5A; dataental Cell 23, 729–744, October 16, 2012 ª2012 Elsevier Inc. 733
Figure 3. p27Kip1 Controls the Nucleokinesis of Migrating Interneurons
(A–G)MGE derived interneurons cultured on cortical cell feeder. Frontal section through half E13.5 p27+/+;DlxCre-GFP brains showing theMGE (circled in red) (A).
MicrodissectedMGE cultured for 18 hr on cortical cell feeder; cortical interneurons are GFP+ (green) (B). Representative picture of the interneuronmigration front
corresponding to the area boxed in red in (B); the close up illustrates the typical morphology of a migrating interneuron (C). Interneurons migrating on cortical
Developmental Cell
Cytoskeleton Regulation in Interneuron Migration
734 Developmental Cell 23, 729–744, October 16, 2012 ª2012 Elsevier Inc.
Developmental Cell
Cytoskeleton Regulation in Interneuron Migrationnot shown). Isolated MGE tissues as well as primary MEFs from
p27/ embryos had elevated levels of active, GTP-bound RhoA
compared to control, which reflected an increased RhoA activity
(Figures 5C and S5B). We further explored the consequence of
p27 depletion on Rho-kinase signaling pathways. Cofilin is an
actin severing protein inhibited by the Rho kinase signaling
pathway in the developing cerebral cortex (Kawauchi et al.,
2006). We found that its partial inactivation did not result in major
accumulation of F-actin in both cortical interneurons and MEFs
that lack p27 (Figures 5F and S5C–S5I). We found that the
expression of gelsolin, another actin-severing protein, likely
compensated for the partial inhibition of cofilin in these cells
(Figures S5H and S5J).
The Rho-kinase signaling also controls the dynamic of the
actomyosin-based cytoskeleton, which consists of actin fila-
ments and nonmuscle myosin II. ROCK promotes contractile
forces either by directly phosphorylating the light chain of
myosin II (MLC-II) (Amano et al., 1996) or indirectly via inhibi-
tion of the MLC phosphatase MLCP (Kimura et al., 1996) or
activation of the MLC kinase MLCK (Chrzanowska-Wodnicka
and Burridge, 1996). Importantly, myosin II activity promotes
the nuclear translocation of migrating neurons (Schaar and
McConnell, 2005; Solecki et al., 2009), including cortical inter-
neurons (Bellion et al., 2005). Immunolabeling showed that
phosphorylated MLC-II (pMLC-II) accumulated mostly behind
the nucleus and at the tip of the leading process during forward
translocation (Figure S5K) and remained later located at the
trailing process and was also present at the tip and bottom of
growing neurites (Figure 5D). In addition, it colocalized with
F-actin (phalloidin staining, Figure 5E). MLC-II phosphorylation
was increased in protein extracts from p27 knockout MEFs
and p27-depleted N2A cells (Figure S5L; data not shown) as
well as in E14.5 p27f/f;DlxCre-GFP or E14.5 p27/ MGE
extracts compared to respective controls (Figures 5F and
S5N). The accumulation of pMLC-II in p27/ MEFs was specif-
ically reduced to control level after re-expression of p27 (Fig-
ure S5M). Inhibition of ROCK activity with Y27632 reduced
the phosphorylation of MLC-II and cofilin in cultures of MGE
explants from p27f/f;DlxCre-GFP interneurons, whereas treat-
ment with ML-7, a specific MLCK inhibitor, only reduced phos-
phorylation of MLC-II (Figures 5F and S5F). These results
indicate that increased RhoA/ROCK signaling in the absence
of p27 results in elevated myosin II contractile activity. This
difference was supported by immunolabeling showing an in-
creased percentage of strongly expressing pMLC-II in p27
knockout interneurons as compared to control (Figure S5O).
To further investigate the dynamic distribution of actomyosin
contractions, we performed real-time imaging of migrating cor-feeder express p27 (red), GFP (green), and g tubulin (blue). White arrows point cy
centrosome (D–G).
(H–Q) Analyses of cortical interneurons migration kinetics. Time-lapse sequences
GFP (H) or p27f/f;DlxCre-GFP (J) mouse embryos; kymographs showing nuclear
(black diamond) and the rostral swelling (red square) with successive displaceme
(K) mouse embryos. Dashed purple line represents the cut off under which mov
swelling formation (L), the duration of rostral swelling (M), the duration of rostral sw
time of the nucleus between translocations (P), and the amplitude of nuclear tra
mean ± SEM [L–Q]). Scale bars represent 100 mm (A), and 10 mm (C and G).
See also Figure S4 and Movie S1.
Developmtical interneurons transfected with utroph-GFP (Burkel et al.,
2007). This molecule binds to the stable F-actin pool that is asso-
ciated with myosin-dependent contractions (Burkel et al., 2007)
and expression of both myosin II and F-actin have been shown
to follow a similar dynamic expression pattern in cortical inter-
neurons (Martini and Valdeolmillos, 2010). Moreover treatment
of transfected neurons with ML-7 modulates utroph-GFP signal
that reflects dynamic changes in actomyosin contractions (Fig-
ure 5G and data not shown). Live GFP fluorescence was de-
tected as a bright crescent behind the nucleus during forward
translocation and within the splitting growth cone and at the
tip of newly formed terminal processes after nucleokinesis.
Real-time analyses of utroph-GFP signals were performed in
migrating interneurons isolated from either p27/ or p27+/+
embryos. We found that the cumulated GFP signals detected
behind the nucleus (Figures 5E–5G) and at the tip of branching
neurite during nucleokinesis (data not shown) was increased in
p27/ interneurons as compared to controls (Movies S3 and
S4), a defect that was rescued by culturing p27/ interneurons
in the presence of ML-7 (Figure 5G; Movie S5). Thus, the lack
of p27 led to the temporal deregulation of actomyosin contrac-
tions and correlated with increased cycles of nucleokinesis
and leading process branching.
We reasoned that reducing myosin activity via inhibition of
RhoA signaling would rescue nucleokinesis and/or branching
defects seen upon loss of p27 in cortical interneurons. Therefore,
we performed live imaging of nucleokinesis after focal electro-
poration of Cre/loxP conditional DNRhoA expressing vectors
(IZDNRhoA-Cherry) in MGE from p27f/f;DlxCre-GFP or p27+/+;
DlxCre-GFP embryos. We found that acute blockade of RhoA
signaling reduced pMLC-II level (data not shown) and nucleoki-
nesis frequency in p27f/f;DlxCre-GFP interneurons (Figure S5P).
To further investigate the impact of a reduced activation of
myosin II on the migration of p27f/f;DlxCre-GFP interneurons,
we performed recordings of nucleokinesis and branching after
treatment with drugs that ultimately decreased myosin II activity,
namely Y27632, ML-7 and blebbistatin, which prevent ATP
loading on themyosin II heavy chain. All drugs efficiently reduced
nucleokinesis by lowering the frequency of nuclear translocation
(Figure 5H) and by lengthening the pausing time of the nucleus
(Figure 5I). Treatments with Y27632 or myosin II specific modu-
lators also reduced the frequency of growth cone splitting (Fig-
ure 5J) and increased the stability of newly formed branches
to control level in p27f/f;DlxCre-GFP interneurons (Figure 5K).
Although these pharmacological inhibitors efficiently reduced
branching complexity of p27/ interneurons (Figure 5L), they
did not increase neurite segments length (Figure 5M). Thus,
the overall size of the neuritic tree remained reduced intoplasmic bulges ahead of the nucleus that comprise the g tubulin-expressing
of GFP expressing interneurons derived from MGE explants of p27+/+;DlxCre-
translocation are on the right. Correlation of the distance between the nucleus
nts in two representative cells from p27+/+;DlxCre-GFP (I) or p27f/f;DlxCre-GFP
ement are not taking into account. Histograms representing the frequency of
elling by time class (N), the frequency of nuclear translocation (O), the pausing
nslocation (Q) (n = 31–40 cells from three independent brains per genotype,
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Figure 4. p27Kip1 Controls the Dynamic Branching of Migrating Interneurons
(A and B) Time-lapse sequences (hr/min) of representative interneuron derived form either from p27+/+;DlxCre-GFP (A) or p27f/f;DlxCre-GFP (B) MGE explants
cultured on cortical cell feeder. Colored arrowheads point to new growth cone splitting.
(C–F) Histograms illustrating the frequency of growth cone splitting (C), the percentage of neurons exhibiting different terminal processes (D) (C and D, inter-
neurons from three independent brains per genotype, mean ± SEM), the mean life time of transient side branches (E), and themean length of neurites (F) (E and F,
neurites of interneurons from three independent brains per genotype, mean ± SEM).
See also Movie S2.
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Cytoskeleton Regulation in Interneuron Migrationp27f/f;DlxCre-GFP interneurons compared to controls (data not
shown). Altogether, these data support that nucleokinesis
defects and most parameters of the branching phenotype re-736 Developmental Cell 23, 729–744, October 16, 2012 ª2012 Elsevsulted from a strengthening of the Rho-kinase/myosin II signaling
pathway that ultimately increased actomyosin contractions in
the absence of p27.ier Inc.
Figure 5. p27Kip1 Controls Nucleokinesis
and Initial Steps of Branching by Tuning
Myosin II Activity
(A–G) Overlapping distribution of p27 (green) and
RhoA (red) in a representative migrating inter-
neuron (the nucleus is labeled with Hoescht
33342 in blue) (A). Immunoprecipitates from
microdissected E14 mouse embryos MGE were
subjected to anti-p27 or anti-RhoA western blot
analyses. Corresponding western blots were per-
formed on tissue extracts, as indicated (B). RhoA-
GTP levels measured using pull down assays on
E14 wild-type or p27/ MGE. Pull-downs and
tissue extracts were probed with anti-RhoA anti-
bodies (C). Immunolabeling showing the subcel-
lular distribution of myosin light chain II (MLC-II,
green) and its phosphorylated form (pMLC-II, red,
the arrow points neurite tip and the arrowhead,
the trailing process) in a migrating interneuron
(nucleus, blue) (D) and utroph-GFP (green), pMLC-
II (red), and F-actin (phalloidin, blue) in cortical
interneurons fromwild-typeMGE (the arrow points
neurite tip and the arrowhead the rear of the
nucleus) (E). Extracts fromMGE explants from E14
wild-type (p27f/f) or p27 conditional knockout
(p27f/f;DlxCre-GFP) embryos cultured 24 hr with or
without the ROCK inhibitor Y27632, or the myosin
light chain kinase (MLCK) inhibitor ML-7 were
probed with distinct antibodies, as indicated,
quantifications of WB band intensity are shown on
the right (F). Histogram of cumulated utroph-GFP
signal at the rear of the nucleus during nucleoki-
nesis inmigratingwild-type or p27/ interneurons
with or without ML-7 (G).
(H–M) Analyses of the dynamic parameters of
p27f/f (WT) or p27f/f;DlxCre-GFP (CKO) migrating
cortical interneurons in culture. Histograms illus-
trating the frequency of nuclear translocation (H),
the pausing time of nuclei (I), the frequency of
growth cone splitting (J), and the life time of side
branches (K) of cortical interneurons incubated
with different drugs, as indicated. Branching
complexity (L) and mean length of neurite
segments (M) of p27f/f (WT) or p27f/f;DlxCre-GFP
(CKO) interneurons incubated with indicated
drugs (G–J and L, interneurons from three inde-
pendent brains per genotype, mean ± SEM; K–M,
neurites of interneurons from three independent
brains per genotype, mean ± SEM). Scale bars
represent 10 mm (A and D), 5 mm (E).
See also Figure S5 and Movies S3, S4, and S5.
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Support Neurite Outgrowth during Migration
Cell shape transformation in general and neuritogenesis in partic-
ular relies on dynamic remodeling of MT cytoskeleton. MT poly-
merization underlies neurite outgrowth (Brot et al., 2010) and
the failure to rescue this process by inhibition of myosin II activity
in p27f/f;DlxCre-GFP interneurons may reflect a microtubule
(MT)-associated function for p27 in interneuron neuritogenesis.
Stathmin is a MT-depolymerizing protein that sequestrates free
tubulin dimmers and p27 has previously been reported to bind
stathmin and to restrain its activity in both MEFs and in fibrosar-
coma HT-180 cells (Baldassarre et al., 2005).DevelopmTo test whether p27 controls MT polymerization dynamics
through reduction of stathmin activity, we recorded the move-
ments of transfected plus-TIP EB3-GFP (Nakagawa et al.,
2000) in p27+/+ and p27/ MEFs. We showed that the lack of
p27 resulted in reduced velocities of EB3 comet tail-like streaks,
which reflects a reduced rate of MT polymerization (Figure 6A).
This defect was rescued by re-expressing p27 in p27/ MEFs
(Figure 6A). MT growth rates are partly determined by the
concentration of free tubulin present in the cytoplasm (Stepa-
nova et al., 2003). The polymerization rate of MT in MEFs
p27/ was fully rescued by expressing a truncated p27 (p27
170) that lack the stathmin-binding domain (Baldassarre et al.,ental Cell 23, 729–744, October 16, 2012 ª2012 Elsevier Inc. 737
Figure 6. p27Kip1 Controls Neurite Extension of Migrating Interneurons by Promoting the Polymerization of Microtubules
(A) Histogram of the speed of EB3-GFP comet tail-like streaks in transfected fibroblast with control (Ctrl), p27 full length (FL), p27 170 (170), or p27 4A (4A) from
p27+/+ or p27/ embryos. Kymographs (on the left) showing the spatio-temporal distribution of individual EB3-GFP comets in p27+/+ or p27/MEFs (fibroblasts
from five independent experiments, mean ± SEM).
(B–D) Immunolabeling showing colocalization of p27 (green) and a tubulin (B, red) in cultured cortical interneurons from E14 embryos. The nucleus is labeled with
DAPI (blue). Overlap between a tubulin (red) and p27-YFP (green) in transfected HeLa cells. The nucleus is labeled with DAPI (blue) (C). Super-resolution optical
images showing the partial overlap of p27 (green) with microtubules (red). Arrows point colocalization of p27-YFP with a tubulin and arrowheads exclusive
expression of p27 (D).
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a stathmin-independent manner.
To further explore the contribution of p27 to the regulation
of MT dynamics, we used complementary approaches to deci-
pher whether p27 associates with MT. Confocal microscopy
showed partial overlap of p27with a-tubulin or its modified forms
(i.e., acetylated or tyrosinated) in the cytoplasm of migrating
interneurons from MGE explants (Figure 6B; data not shown).
In addition, HeLa cells transfected with YFP-tagged p27 showed
strong overlap of YFP-p27 with a tubulin after treatment that
clears proteins not anchored to the cytoskeleton (Figure 6C),
and super-resolution images further suggested an interaction
between these molecules (Figure 6D). Indeed, a tubulin or its
modified forms were detected in p27 immunoprecipitates from
E14.5 MGE extracts (Figure 6E) or N2A cells (Figures S6A and
S6B). Accordingly, we reasoned that a pool of cytoplasmic p27
could interact with MT in vivo. To address this issue, we purified
MT fromMGE and detected p27 in pellet fractions, which contain
MT and MT-associated proteins (Figure 6F). In addition, we
found that three recombinant GST-tagged p27molecules bound
one purified free tubulin dimer (molecular ratio of 3:1; see
Experimental Procedures and Figure 6G). We next explored
whether p27 directly binds to MT by performing in vitro cosedi-
mentation assays of prepolymerized tubulin with GST-tagged
p27 or GST-p27CK. We detected a fraction of p27 and p27CK
in MT-enriched pellets, indicating a direct binding of p27 to MT
that did not required the integrity of the CDK/cyclin binding
domain (Figure 6H). As a first step toward the identification of
the p27 MT-binding domain(s), we performed additional cosedi-
mentations with the N-terminal (GST-p27Nt, aa 1–87) or the
C-terminal (GST-p27Ct, aa 88198) portions of p27. Both pro-
tein halves retained some interaction with the MT, which sug-
gested the existence of multiple MT-binding sites along the
polypeptide (Figure 6H). To uncover the function of this interac-
tion, we performed in vitro MT-polymerization assays and found
that p27promoted spontaneousMTpolymerization (Figure S6C),
an activity that depended on the integrity of the C-terminal half
(p27C-term) of the protein (Figure S6D), as confirmed by turbidity
assays (Figure 6I). However, p27 did not promote MT stabiliza-
tion in vitro (Figure S6E). These results demonstrate that p27 is
aMT-associated protein (MAP) that promotes the polymerization
of MT in vitro and, as such, may contribute to the growth of MT in
cells. These functions required the integrity of the p27 C-terminal
half (p27C-term), where a highly conserved proline-rich region
(aa 90–96) may be responsible for such activities. The domain
also contains basic residues that are candidates for electrostatic
interactions with acidic tubulin in MT. Indeed, other MAPs such
as MAP2 and MAP4 harbor a proline-rich region in their microtu-
bule-binding domain, which stimulates tubulin polymerization
(Aizawa et al., 1991; Gendreau et al., 2003). Mutation of these(E–I) p27 is a MAP. p27 pull-down performed on microdissected E14 mouse MGE
subjected to western blot analyses with relevant antibodies (E). Microtubules prep
blot analyses (F). Western blot showing the interaction between free tubulin dime
cosedimentation assays of GST-p27, GST-p27CK, GST-p27Nt, or GST-p27Ct w
zation assay performed as a function of time in the presence of recombinant pro
(J and K) Comparison of the ability of GST-p27 and GST-p27 4A to interact with mi
Scale bars represent 5 mm (B) and first picture of (D), 15 mm (C), 1 mm (second p
See also Figure S6.
Developmproline residues into alanine (p27 4A) did not prevent the interac-
tion with MT (Figure 6J) but abolished its ability to promote MT
polymerization (Figure 6K) and to rescue velocities of EB3 comet
tail-like streaks in p27/ MEFs (Figure 6A).
We performed electroporations of various Cre/loxP condi-
tional expressing vectors in MGE from p27f/f;DlxCre-GFP or
p27+/+;DlxCre-GFP embryos in order to rescue neurite out-
growth defects in p27 conditional knockout interneurons. The
electroporation of p27f/f;DlxCre-GFP interneurons with p27 or
p27C-term increased the length of neurites segments to control
level (Figure 7A). However, the p27N-term and the prolinemutant
p27 4A, that have lost the MT polymerization domain, did not
promote neurite outgrowth (Figure 7A) indicating that p27 con-
trols neurite extension by inducing MT polymerization. Expres-
sion of p27, p27C-term, p27 4A, and DNRhoA efficiently rescued
nuclear translocation frequency of p27f/f;DlxCre-GFP interneu-
rons (Figure 7B), suggesting that p27 regulates interneurons
nucleokinesis through inhibition of Rho signaling pathway.
Altogether, these data demonstrate that p27 controls neurite
extension and nucleokinesis through independent pathways
(Figure 7F). p27 expression rescued tangential migration defects
in brain slices from p27/ embryos, including numbers of inter-
neurons that reached the cortex (Figures 7C and 7D) and mean
interneuron velocity in knockout embryonic slices (Figure 7E).
We showed that expression of a mutant p27 (p27190-4A) that
lacks the ability to regulate both RhoA signaling (p27-190; Fig-
ure S6F) and polymerization of MT (p27 4A) could not rescue
interneuronmigration, whereas single mutants only partially con-
tributed to this process (Figures 7C and 7D). The significant
rescue of interneurons migration by expression of p27190 but
not p27190-4A in p27 knockout interneurons suggests that the
MT-associated activity of p27 contributes to tangential migration
in the cerebral cortex (Figures 7C–7E).
DISCUSSION
Untangling the molecular pathways controlling migration of
cortical interneurons is important to specify how cortical archi-
tecture and functions emerge during development (Heng
et al., 2010). It also gives a better understanding of how dereg-
ulation of these pathways may interfere with this critical pro-
cess in the course of neurological disorders (Nguyen et al.,
2010). The present work shows that p27 drives tangential migra-
tion of cortical interneurons by controlling nucleokinesis and
dynamic neurite branching. p27 tunes actomyosin contractions
at the rear of the nucleus as well as in growth cone-like struc-
tures. In addition, a pool of cytoplasmic p27 binds to MT
and promotes their polymerization, thereby contributing to neu-
rite extension during migration. Accordingly, we propose that
p27 is a modular protein that acts as a master regulator ofprobed with tubulin antibodies, as indicated. Crude tissue extracts were also
aration from E14MGE extracts were subjected to anti-p27 or a tubulin western
rs and purified GST-p27 (lane 2) but not GST (lane 1) (G). In vitro microtubule
ith or without pure prepolymerized microtubules (H). In vitro tubulin polymeri-
teins (I).
crotubules (J) or to promote their polymerization in cosedimentation assays (K).
icture of D).
ental Cell 23, 729–744, October 16, 2012 ª2012 Elsevier Inc. 739
Figure 7. p27 Controls Neurite Extension and Nucleokinesis through Independent Pathways
(A) Neurite length measurement (different orders: I, II, and III) after electroporation of various constructs (as indicated) in p27f/f (WT) or p27f/f;DlxCre-GFP (CKO)
interneurons (neurites of interneurons from three independent brains per genotype, mean ± SEM).
(B) Frequency of nuclear translocation extracted from time lapse analyses performed on transfected p27f/f (WT) or p27f/f;DlxCre-GFP (CKO) interneurons.
(C) Migration assay to assess interneuron numbers in the cortical area of organotypic slices from p27/ embryos brains after electroporation of various
constructs, as indicated. Note that p27190 and p27190-4A are statistically different, **p < 0.01 (brains from three independent embryos per genotype, mean ±
SEM).
(D) Immunolabeling of brain slices after electroporation and culture (electroporated cells are in green, nucleus in blue).
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migration in vivo.
p27Kip1Acts asanUbiquitousRegulator ofCellMigration
Cip/Kip proteins in general, and p27 in particular regulate cell
migration in various tissues in physiological or pathological con-
ditions (Baldassarre et al., 2005; Besson et al., 2004; Itoh et al.,
2007; Kawauchi et al., 2006; McAllister et al., 2003; Nguyen
et al., 2006). However, distinct molecular pathways triggered
by p27 either promote or inhibit migration depending on the
cell types. This apparent discrepancy likely results from compar-
ison of cells that use distinct mechanisms for migration (Baldas-
sarre et al., 2005; Besson et al., 2004; Nguyen et al., 2006). We
and others have shown a cell autonomous requirement of p27
for radial migration of cortical projection neurons in vivo (Itoh
et al., 2007; Kawauchi et al., 2006; Nguyen et al., 2006). p27
promotes radial migration by inhibiting the Rho-kinase pathway
and p27 deficient cortical projection neurons correlated with
accumulation of phosphorylated cofilin (Kawauchi et al., 2006).
The present study revealed that lack of p27 in migrating cortical
interneurons led to increase Rho-kinase signaling that eventually
resulted in nucleokinesis defects. The delay in tangential migra-
tion was correlated with a partial inactivation of cofilin in p27/
interneurons, but not with an accumulation of actin microfila-
ments. Our results suggest that F-actin severing in interneurons
is driven by distinct mechanisms, as G/F actin ratio remained
unchanged in p27/ interneurons (Figures S5G and S5I). In-
deed, we found that gelsolin, another actin-severing protein,
likely compensated for the partial inhibition of cofilin in these
cells (Figures S5H and S5J).
Recent work has shown that myosin II promotes nucleokinesis
through actomyosin contractions (Martini and Valdeolmillos,
2010), and we found an increased activation of myosin II in
p27/ cortical interneurons. In addition, we showed that p27
tightly regulates myosin II activity at the rear of the nucleus but
also in motile growth cone during migration of cortical interneu-
rons. Indeed, myosin II not only promotes nuclear movements in
neurons (Bellion et al., 2005; Solecki et al., 2009) but also
contributes to retrograde actin flow in motile growth cones,
which in concert with cell adhesion generates traction forces
to promote protrusion.
Emerging Roles for p27Kip1 in Nucleokinesis and
Dynamic Neurite Branching of Cortical Neurons
Our work further explored the molecular mechanisms by
which p27 controls neuronal migration in the cerebral cortex.
We showed that cortical interneurons have reduced migra-
tion velocity in p27f/f;DlxCre-GFP embryos, which results from
combined defects of nucleokinesis and leading process branch-
ing. It is worth noting that inhibition of other pathways that
control both events have previously been shown to decrease
the rate of interneuron migration (Koizumi et al., 2006).(E) Mean velocity of electroporated interneurons in organotypic slice from p27/
*p < 0.05.
(F) Summary scheme illustrating the molecular pathways downstream p27 that co
forms that cannot regulate one pathway are colored in light gray.
(B and E, interneurons from three independent brains per genotype, mean ± SEM
chain II; blue boxes, cyclin and CDK interacting domain; orange dots, centrioles
DevelopmAt the molecular level, real-time imaging of utroph-GFP sug-
gested that the lack of p27 ultimately leads to increased
frequency of actomyosin contractions behind the nucleus, which
promotes nucleokinesis of cortical interneurons (Martini and
Valdeolmillos, 2010). Actomyosin contractions have also been
involved in nuclear traction during nucleokinesis of cerebellar
neurons (Solecki et al., 2009). However, no consistent accumu-
lation of utroph-GFP was detected in the leading process region
adjoining the interneuron nucleus, further suggesting that nucle-
okinesis may be powered by different mechanisms in these
two neuronal subtypes. Our results showed that growth-cone
regions that are about to sprout new neurites as well as the tip
of growing neurites accumulate active myosin II and utroph-
GFP. Thus, we believe that an increased frequency of branching
may, at least in part, result from temporally unsettled myosin II
activity in the growth cones of p27/ interneurons. Although
our data clearly point to myosin II hyperactivation as a major
event responsible for nucleokinesis and branching defects,
pharmacological treatments or gene modulation experiments
targeting the Rho-kinase signaling failed to fully rescue the
migration phenotype of p27/ interneurons. Although nucleoki-
nesis and leading process branching activities were rescued, the
growth of neurites remained affected in these interneurons. In
addition, targeting this pathway was not sufficient to increase
the rate of p27/ interneurons migration back to control level
(data not shown), which together with our rescue experiment in
organotypic brain slices from p27/ embryos demonstrate
that disruption of neurite outgrowth contributes to migration
defects (Figure 7E).
Neurite elongation requires the growth and the establishment
of new networks of MTs (Brot et al., 2010). p27 is intrinsically
unstructured and can interact with various targets. Accordingly,
we found that p27 is a MAP that promotes MT polymerization in-
vitro and in vivo, a function that required the integrity of a proline-
rich domain. Importantly, the expression of the proline mutant
p27 4A could not rescue neurite extension in migrating p27f/f;
DlxCre-GFP interneurons. It is worth noting that the branching
of differentiating cortical interneurons is not affected by the
loss of p27, suggesting that the regulation of terminal branching
in stationary neurons relies on p27-independent signaling path-
ways or is taken over by compensatory mechanisms. This issue
merits further investigation.
In summary, our work provides a mechanism to explain the
molecular basis of nucleokinesis and dynamic branching of
migrating cortical interneurons. It reveals, that p27 has two crit-
ical activities that support interneuron migration, it is a MAP that
controls neurites extension and it regulates actomyosin contrac-
tions that promote nucleokinesis. Both activities contribute to
the dynamic reshaping of neuronal morphology required to
ensure proper tangential migration in the cerebral cortex.
Understanding the interface between neuronal migration in the
developing cortex and the molecular signaling pathways that embryos brains. Note that p27190 and p27190-4A are statistically different,
ntribute to its cell migration activity. Pharmacological blockers or specific p27
.) MLC-II, myosin light chain II; RLC, regulatory light chain; MHC, myosin heavy
; purple line, golgi apparatus.
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standing of pathological mechanisms that lead to neurodevelop-
ment disorders.
EXPERIMENTAL PROCEDURES
Electroporation
Electroporations of MGE were performed as previously described, with minor
modifications (Stuhmer et al., 2002). Briefly, endofree plasmid DNA solutions
(3 mg/ml, QIAGEN), mixed with 0.05% Fast Green (Sigma, St. Louis, MO),
were injected in the MGE of E12.5–E13.5 brains slices or directly in MGE
explants from E13.5 embryos. Electroporation was conducted with platinum
electrodes (CUY701P7E and CUY650P5, Sonidel) using ECM-830 BTX square
wave electroporator (VWR International, Leuven, Belgium) (5 pulses of 100 V of
10 ms duration at 1 s intervals). Animals were housed under standard condi-
tions and were treated according to the guidelines of the Belgian Ministry of
Agriculture in agreement with European community Laboratory Animal Care
and Use Regulations (86/609/CEE, Journal Officiel des Communaute´es
Europe´ennes, L358, December 18, 1986).
Cytoskeleton-Related Bioassays
In Vitro Microtubule Binding Assays
MTs were polymerized in vitro and stabilized with Taxol (20 mM) using the
MTs/Tubulin Biochem kit (Cytoskeleton, Denver, CO). Purified GST-tagged
proteins were incubated 30 min at 37C with polymerized MTs in BRB80
buffer (80 mM PIPES pH 6.8, 1 mM MgCl2, and 1 mM EGTA supplemented
with 1 mM GTP). The reaction was centrifuged for 30 min at 37C at
100,000 3 g to separate MT-associated from soluble proteins. MTs were re-
suspended in General Tubulin Buffer (v/v). The same volume of each fraction
was loaded on SDS-PAGE gel and analyzed by Coomassie (GST) or western
blot (WB) (Tubulin, p27).
Tubulin Dimers Coassembly Assay
We incubated 60 pmol of GST-p27 or GST with glutathione Sepharose 4B
beads (GE Healthcare, Waukesha, WI) in 13 PBS for 2 hr at 4C. Beads
were washed three times in PBS and incubated with 3 mg of tubulin in buffer
A (2 mM Tris pH 7.5, 5 mM MgCl2, 2 mM CaCl2, 1 mM DTT, 1% milk, and
1% triton) for 1 hr at 4C. Beads were washed three times in buffer A and
once in PBS. Beads were resuspended in SDS loading buffer and analyzed
by WB. Amount of both GST-p27 and tubulin was determined byWB analyses
compared with a range of known quantities of GST-p27 (0.01 mg–1 mg) and
tubulin (0.01 mg–10 mg), respectively. From the western blot, we estimated
that 0.237 mg or 5 pmol of GST-p27 binds to 0.159 mg or 1.45 pmol of puri-
fied free tubulin. We concluded that p27 bonds free tubulin with a 3:1 molec-
ular ratio.
Tubulin Polymerization Assay
Thirty micrograms of purified tubulin (Cytoskeleton) were polymerized with
increasing amount of GST-p27 or the corresponding maximum quantity of
GST in 20 ml of reassembly buffer (100 mM MOPS, pH 6.8, 0.1 mM EGTA,
0.5 mM MgCl2, 0.5 mM GTP) for 30 min at 37C. After centrifugation at
100,0003 g for 30 min at 37C, pellets were resuspended in 20 ml of reassem-
bly buffer. Pellets and supernatants were analyzed byWB. To test the different
forms of p27, 1 mM of protein was used.
Turbidity Assays
We incubated 20 mM of tubulin in General Tubulin Buffer (without Taxol, plus
1 mMGTP, with glycerol at a final concentration of 8%) either alone or in pres-
ence of GST, GST-p27, GST-p27Nt, or GST-p27Ct. Tubulin polymerization
was analyzed by spectrophotometry (340 nm).
Time-Lapse Imaging
Images of living GFP- or cherry-expressing migrating interneurons were
acquired every 5 min during 4–6 hr (MGE explants) or every 20 min for
up to 8 hr in latero-dorsal regions of the cortex where 25 successive ‘‘z’’
optical plans spanning 65 mm were acquired (brain slices). Images of
MGE-derived interneurons expressing utroph-GFP were collected every
10 s during 1 hr with resonant scanning and xyzt acquisition modes. MEFs
were nucleofected with MEF Nucleofetcor Kit 1 (Lonza Weesp, Netherlands)
according to the manufacturer protocol. Images of EB3-GFP expressing742 Developmental Cell 23, 729–744, October 16, 2012 ª2012 ElsevMEFs were collected every 2 s during 1 min with resonant scanning xyt
acquisition mode.
Cell Counting, Analyses, and Statistics
Cell counting was performed on distinct cortical regions (200 mm width)
(Nguyen et al., 2006). For each sample, three adjacent sections were analyzed
by confocal microscopy and 203 or 403 magnified fields were acquired to
reach a cellular level of analysis. For migration experiments, 1,000 to 3,000
cells were counted in each brain and three to seven brains were analyzed
for each experimental condition. For branching experiments, hundreds of cells
were randomly chosen in three to four brains for each experimental condition
to perform morphological analyses using ImageJ plugin NeuronJ. EB3-GFP
comet-like streaks analyses were performed with ImageJ plugin KymoTool-
Box (Cordelie`res F, Institut Curie, France). All graphs plot mean ± SEM. Statis-
tics for dual comparisons were generated using unpaired two-tailed Student’s
t tests unless specified, whereas statistics for multiple comparisons were
generated using 1-way ANOVA followed by appropriate post hoc test (Graph-
Pad Prism software, version 3.03, San Diego, CA); *p < 0.05, **p < 0.01, ***p <
0.001 for all statistics herein.
SUPPLEMENTAL INFORMATION
Supplemental Information includes six figures, Supplemental Experimental
Procedures, and five movies and can be found with this article online at
http://dx.doi.org/10.1016/j.devcel.2012.08.006.
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